Hybrid graphene-superconductor devices have attracted much attention since the early days of graphene research. So far, these studies have been limited to the case of diffusive transport through graphene with poorly defined and modest quality graphene-superconductor interfaces, usually combined with small critical magnetic fields of the superconducting electrodes. Here we report graphene based Josephson junctions with one-dimensional edge contacts of Molybdenum Rhenium. The contacts exhibit a well defined, transparent interface to the graphene, have a critical magnetic field of 8 Tesla at 4 Kelvin and the graphene has a high quality due to its encapsulation in hexagonal boron nitride. This allows us to study and exploit graphene Josephson junctions in a new regime, characterized by ballistic transport. We find that the critical current oscillates with the carrier density due to phase coherent interference of the electrons and holes that carry the supercurrent caused by the formation of a Fabry-Pérot cavity. Furthermore, relatively large supercurrents are observed over unprecedented long distances of up to 1.5 µm. Finally, in the quantum Hall regime we observe broken symmetry states while the contacts remain superconducting. These achievements open up new avenues to exploit the Dirac nature of graphene in interaction with the superconducting state.
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Contacting a superconductor to graphene gives access to a rich and diverse set of phenomena. For instance the chiral nature of the charge carriers in graphene is predicted to give rise to specular Andreev reflection [1] , or the conventional quantum Hall effect can be markedly different due to the interaction between edge states and the superconductor [2, 3] . It may even provide a unique way to probe valley-polarized edge states [4] , topological confinement in bilayer graphene [5] , the interplay between superconductivity and quantum confinement or ballistic two-dimensional Josephson junctions and their response to phase coherent interference effects.
There are two important prerequisites that must be satisfied in order to observe any of these phenomena experimentally. First, the graphene-superconductor interface should be transparent and well defined. Secondly, the graphene must be of high electronic quality. In addition, for some of the above effects, a superconductor with a large upper critical field, H c2 , is required. While significant technological progress has been made in improving the quality of graphene by either suspending graphene [6] or encapsulating it in hexagonal boron nitride (hBN) [7, 8] , the main challenge has been to combine such lowscattering graphene with a (large H c2 ) superconductor. All reports on graphene-superconductor devices to date involved superconducting contacts deposited directly on the graphene surface, and diffusive transport through the device. In addition to the modest electronic quality, the use of top contacts leaves ambiguity in where exactly Andreev reflection takes place and under what spectral conditions. I.e. it is not clear how far electrons travel beneath the contact before entering the superconductor.
Here we integrate high quality hBN-encapsulated graphene with a high-H c2 superconductor (Molybdenum Rhenium -MoRe) via contacts along the edge of the graphene. We demonstrate that the superconducting edge-contact produces transparent interfaces. As a result large supercurrents persist over record long distances of 1.5 µm. Furthermore, unlike surface contacts, 1D edge contacts ensure that the Andreev reflection occurs at a well-defined location, at the edge of the graphene, where it contacts with a well-defined 3-dimensional bulk superconductor. The excellent electronic quality of the graphene is evident through the appearance of broken symmetry states in the quantum Hall regime at moderate magnetic fields, where the MoRe remains superconducting. The long mean free path in our devices allows us to observe direct evidence of ballistic phase coherent transport in the form of Fabry-Pérot resonances in the critical current through the graphene Josephson junction (JJ). The long distance supercurrents allow us to study ballistic JJs with unusual aspect ratios, which lead to the observation of anomalous Fraunhofer diffraction patterns.
To realise high quality graphene-superconductor junctions we encapsulate graphene between two hBN crystals using the van der Waals pick-up method [8] . This method ensures that the graphene is never in contact with any polymer during the stacking and thereafter. Electrical contact is made by metal deposition onto areas where the stack has been etched through. Unlike earlier work [8] , where metal deposition is done in a separate lithography step, we start by etching only the region to be contacted, followed immediately by metal deposition. This has the following advantages: (i) our contacts are self-aligned, thereby minimizing redundant metal overlap above the graphene and reducing the screening of electric and magnetic fields and (ii) combining the etching and deposition in one step minimizes resist residues at the contact interface, which is necessary for transparent contacts. Instead of a normal metal, we sputter an amorphous alloy superconductor MoRe, which is attractive in several respects. First, MoRe is a type-II superconductor with a critical temperature T c ≈ 8 K and an upper critical field H c2 ≈ 8 T (at 4.2 K), which should easily allow for the observation of quantum Hall states while the MoRe remains predominantly superconducting. Secondly, it has been shown that MoRe makes good electrical contact to carbon-based materials such as carbon nanotubes [9] . Considering the fact that edge-contact resistance can vary by an order of magnitude depending on the choice of metal [8] , it is critical to select a superconductor which makes good electrical contact to graphene. This is particularly important in the context of superconductor (S) graphene (G) JJs, where the transparency of the S-G interface directly affects the Andreev reflection. After the deposition of the superconducting electrodes, we etch the stack into the desired geometry. An optical image and a cross-sectional schematic of device A are shown in Fig. 1a-c . The graphene is etched to a L = 1.5 µm long and W = 2.0 µm wide rectangle, with MoRe edge contacts on either side. All measurements described here are performed in a (dc) four point geometry, as shown in Fig. 1a . The MoRe leads are arranged such that the lead series resistance is minimized and the measured resistance is effectively the two-probe graphene resistance, irrespective of whether the MoRe is normal or superconducting. This is important since disordered superconductors such as MoRe have a large normal-state resistivity, potentially confusing the interpretation of the measurements when the electrodes turn normal (see Fig. S3 ). Fig. 1d shows the measured resistance, R, versus back gate voltage, V gate , at room temperature and 4.2 K. A clear electron-hole asymmetry is visible with the resistance in the hole doped (p) regime being somewhat larger than that in the electron doped (n) regime. We attribute this to contact-induced n-type doping, which leads to the formation of pn junctions close to the contacts when the bulk of the graphene is p doped. Such n−type doping effects from normal edge contacts have also recently been reported [10] . Fig. 1e shows the Landau fan diagram recorded up to B = 12 T. The high electronic quality of the graphene is evident from the emergence of broken symmetry states above B = 5 T, which are well developed at B = 12 T (Fig. 1f) . To our knowledge, this is the first observation of broken symmetry states in graphene with superconducting contacts. The plateaus on the electron side are better developed than those on the hole side, presumably a consequence of doping near the contacts.
At zero magnetic field we observe a gate-tunable supercurrent through the device. In Fig. 2a we plot the diffential resistance, dV dI, as a function of gate voltage, V gate , and the current bias, I bias . Evidently, the critical current, I c , vanishes at the charge neutrality point, but reaches values in excess of 100 nA at V gate = 30 V. On the hole side I c is considerably smaller, consistent with the formation of the conjectured npn junctions. In Fig. 2b we plot the critical current density per unit length, J, versus the JJ length, L, with data obtained from previous reports of graphene JJs (circles) along with the present MoRe edge-contacted devices (squares). The black squares show the critical current density at 50 mK, whereas the red squares are taken at 700 mK. We point out that the critical current density depends on the temperature and the graphene carrier density, which vary from study to study. Despite this, it is clear that our MoRe edge-contacted devices stand out in relative magnitude compared to the previous data. We find large supercurrent densities (up to ∼ 200 nA µm) over significantly longer distances (∼ 1.5 µm). The observation of large supercurrents over an unprecedented long distance of 1.5 µm indicates a high quality of both the graphene itself and of the 1D graphene-superconductor interfaces.
In addition, we find unambiguous signatures of ballistic Josephson transport in this 2D geometry. As shown in Fig. 3a , we observe for the first time clear oscillations in the critical current and the retrapping current when we vary the gate voltage, indicative of Fabry-Pérot (FP) interferences in the supercurrent through the junction. The transmission probability of electrons and holes that carry the supercurrent is the result of interference of trajectories that travel ballistically from one contact to the other with multiple reflections close to or at the edges of the graphene flake. As the gate voltage is varied, the Fermi wavelength changes, constructive and destructive interference alternate, leading to modulations in the critical current. One may expect the graphene-superconductor interfaces to form the walls of the cavity. However, we observe the I c oscillations only on the hole-doped side and not on the electron-doped side (see Fig. 3d and the discussion below). This suggests that in the presence of n-doped regions near the MoRe-graphene interface the relevant cavity is instead formed by pn junctions near the contacts (see inset Fig. 3a) . This gives rise to a reduced cavity length L c . This length can be directly inferred from the period of the oscillations, extracted via a Fourier analysis (see Fig. S2c ) of these oscillations over many periods. A cavity length of L c = 1.3 µm is found, which is smaller than the etched device length (L = 1.5 µm). A similar difference between device size and inferred cavity length was seen in device D (see Fig. S1 ). This difference may arise from screening of the back gate near the contacts in combination with the presence of the n-doped regions at the MoRe-graphene interfaces in both devices.
The interpretation of the oscillations in I c in terms of FP interference, is further supported by comparing them with the oscillations in the normal state, G N , measured at currents just above I c . The oscillations of I c with gate voltage clearly match the oscillations in G N , (see Fig. 3b ), as expected for Josephson junctions. In the case of normal state transport, we can apply a weak magnetic field perpendicular to the graphene, to apply a Lorentz force to the trajectories of electrons and holes. This is expected to give a characteristic shift of the FP resonances due to the accumulation of extra field-dependent phases. Indeed in the measurements shown in Fig. 3c , we find that as B increases the main resonance features shift to higher density, following a characteristic dispersion. To enhance the visibility, we plot the quantity G sub , which was obtained after subtracting a gate dependent (but field independent) modulation of the background conductance. We compare the data with the results of numerical simulations of the device conductance (see methods for further details) in the ballistic regime and with npn junctions for the exact geometry of the measured device (Fig. 3c lower panel) . Simulation and experiment show an almost identical dispersion of the FP resonances with magnetic field. It is also possible to obtain a semiclassical expression for the resonance condition (see SI) by considering all the phases accumulated in the n-region of the npn junction:
with n m a specific integer mode, λ F (V gate ) the Fermi wavelength which is tuned by the backgate (V gate ∼ 1 λ 2 F ), L c the cavity size, e the electron charge and h Planck's constant. The yellow curves in Fig. 3d are calculated using Eq. 1 for modes n m = −121, −120 and show an excellent agreement with the measured and simulated results. This provides strong evidence that the observed oscillations, both in I c and G N , arise from Fabry-Pérot interference, which implies phase-coherent ballistic transport. While such oscillations due to FP interference have been reported before in a variety of systems including high-quality graphene with normal contacts [29, 30] , here we provide evidence for phase coherent FP interference in the supercurrent, which has not been observed before in any 2D geometry.
In order to better understand the microscopic details of our device, we compare the conductance in the npn regime with that in the nn ′ n regime (Fig. 3d) . Whereas in the npn regime (upper panel), we observe periodic oscillations as a function of absolute wave number, k F , we observe universal conductance fluctuations (UCF) in the nn ′ n case (lower panel). We attribute these fluctuations to diffuse boundary scattering at or close to the graphene-MoRe interface. This diffuse scattering should also be present on the hole-side but does not dominate the transport due to the presence of the pn junctions. Using the ballistic limit, L much larger than the mean free path, where all resistance is from the contact interface, we can estimate a lower bound on the contact transparency, T via G = W . We find a sharpness of d ∼ 70 nm, which is a plausible value considering the device dimensions.
Since the DC Josephson effect is observed in these graphene devices over micron scale distances, we can also explore the magnetic field dependence of the critical current for unusual geometries. Earlier reports concerned graphene Josephson junctions with lengths much shorter than their width. In this case, the magnetic field dependence of I c is expected to follow the standard Fraunhofer diffraction pattern observed in tunnel junctions [31] . In the present devices, in contrast, the aspect ratio is close to 1, which has two consequences. First, unlike in tunnel junctions, the phase difference across the junction must be integrated along both interfaces. Furthermore, contributions involving reflections off the side of the junction must be included, especially when transport is ballistic [32] [33] [34] . The main prediction in this case is that the periodicity of I c with magnetic flux becomes larger than a single flux quantum, Φ 0 = h 2e. Despite significant differences across the patterns measured on the various devices, we consistently find a period larger than Φ 0 , as seen in Fig. 4 for device A and in Fig. S4 for devices B and C. In contrast, earlier reports on graphene Josephson junctions all show flux periods smaller than Φ 0 [11, 12, 15, 17, 19, 22, 23, 26] before corrections to account for the London penetration depth. The differential resistance (dV dI) is plotted as a function of applied current bias, I dc , and magnetic field, B, at a gate voltage of 30 V. We observe a a separation between minima that clearly exceeds the flux quantum, h 2e.
The Fabry Pérot oscillations in the critical current and the anomalous Fraunhofer diffraction patterns are mutually consistent and provide ample evidence of ballistic effects in superconducting transport through graphene. We believe that this is the first unambiguous demonstration of a ballistic JJ in graphene.
Methods

DC transport measurements
Low temperature dc measurements are done in a Leiden Cryogenics MCK-50 3 He 4 He dilution fridge. The setup can reach a base temperature of 40 mK with an electron temperature of about 70 mK. DC Currents and voltages are applied and probed with a home-built measurement setup. Furthermore the setup is equipped with a superconducting magnet coil that can sustain fields of up to 12 T.
Tight-binding simulation
The FP oscillations in the npn junction are simulated by a tight-binding calculation using the Kwant software package [35] . A 1.5 µm × 2.0 µm hexagonal lattice is discretized with a lattice constant of a = 2 nm, with metallic leads on the 2.0 µm wide sides. The contact induced doping near both leads is modeled by a 100 nm region with a fixed chemical potential. The width of the transition region from the n to the central p region is set to 50 nm and modelled by tanh [(x − x 0 ) 25 nm]. A finite contact resistance is imposed by reducing the transparency between the central strip and the leads to 60%. Finally we calculate the transmission as a function of the Fermi wavenumber k F (µ p ) and magnetic field B, resulting in the dispersion given in Fig. 3d .
